Abstract
Introduction 23
Global warming is evident from the current weather statistics [1] . Initiatives have been taken in order to 24 reduce the emission of CO 2 , mostly from large point sources such as fossil fuel based thermal power 25 plants, to mitigate the effects on climate change [1, 2] . 26
One of the methods of CO 2 capture from large point sources, such as fossil fuel based power plants, is the 27 post-combustion CO 2 capture (PCC) process, using chemical absorption by amines [1] . This process is 28 similar to that which has been commercially used for CO 2 recovery from natural gas treating facilities and 29 for CO 2 production for fertilizer industries on a small and medium scale [3] . As those plants are dedicated 30 to CO 2 production, the energy requirements to regenerate amines are not commonly a factor in the 31 commercial implementation of the technology. There are a few disadvantages in using alkanolamines as 32 they are degradable, require very high energy for regeneration, become corrosive in the presence of 33 oxygen and high vapor pressure, leading to solvent loss in the process [4] . However, for the sake of 34 process efficiency, reduced corrosion and reduced cost of production of CO 2 , such plants are constantly 35 being improved via the development of novel solvents or process modifications [3] . Similar approaches 36 have been taken by researchers for power plants with PCC through the development of novel solvents and 37 the optimization of plant configuration and process conditions [5] . A number of novel solvents has been 38 developed to reduce reboiler duty, and researchers have proposed modifications in PCC configurations by 39 addressing sources of irreversibilities in the cycle [6] [7] [8] , by increasing the CO 2 content in the flue gas [9] , 40 and by improving the performance of both absorbers and regenerators [10] . Being one of the most mature 41 power plant. In order to achieve the objective, the following tasks were performed. 23
1. Identification of optimum process conditions for the power plant with PCC. 24
Adaptation of design methodology for PCC plants by applying design constraints based on 25
operability and the construction of absorbers/regenerators, and by utilizing the methodology for 26 designing suitable PCC processes, after identifying the designed flue gas flow rate for power 27 plants operating flexibly. 28 3. Investigation of the operability of the designed plants with existing control structure during 29 assumed power plant load variation using dynamic simulation. 9. The presence of argon in flue gas was ignored. 27
For the dynamic simulations, equilibrium-based absorber/regenerator models in UniSim Design ® R430 28 were used with reduced stage efficiency for improved accuracy [22, 23] . Reduced stage efficiency was 29 estimated by comparing the dynamic simulation results with those of the steady state simulation in Aspen 30 HYSYS. Detailed verification of dynamic modeling and validation of the simulation results of both the 31 processes simulators have been presented in [22, 24] . As rate-based column models predict the 32 performance of such equipment most accurately [25] , it is necessary to mention the deviation achieved 33 atmospheric conditions. Pressure specifications in boundary streams of the flow sheet and flow 23 specifications at the intermediate streams in the regenerator were used. Solutions obtained from steady 24 state simulations for streams at steady state conditions were used as the initial values during the dynamic 25 simulations. 26
Assumed power plant load and flue gas characteristics 27
Due to the high penetration of variable renewable energy sources, thermal power plants may operate in a 28 cyclic mode, considering the demand and generation variability [26] . Therefore, the operational scenario 29 of futuristic power plants will depend on the electricity price and demand. The assumed scenario of the 30 variation of daily power plant load, depending upon the electricity price and demand as presented by [25] , 31 was considered here to analyze the performance of the designed PCC plants using the dynamic models; 1 refer to Figure 1 . 2
The power plant was considered to be working at full-load condition for 10 hours; ramp-down started with 3 a rate of reduction in power generation of 7.5% load change per hour for three hours. For the next three 4 hours, the plant worked with a load of 70%, following a two-hour ramp-up operation, during which the 5 rate was increased by 15% every hour. After the plant had reached full load, it operated at full load for 6 another five hours. Flue gas flow rate variation was estimated according to the variation presented later. It 7 is noteworthy that, while analyzing the performance of the designed PCC plants in dynamic simulation, 8 the ambient temperature was considered at 15 0 C. 9
Methods for estimating equipment purchase cost and efficiency penalty in power plants 10
Although a thorough capital cost analysis was not performed, only the purchase cost of the equipment was 11 calculated based on the capacity of the equipment. The six-tenths rule was used to estimate the percentage 12 increase in purchase cost. The relationship between the purchase cost and equipment capacity is [27] :
where C is purchase cost, A is equipment cost attribute, and here it is volume of equipment, and n is the cost exponent (0.6). Subscripts a and b refer to equipment with the required attribute and the base 16 attribute, respectively. 17
The efficiency penalty in the power plant due to the inclusion of PCC processes was calculated using the 18 following method for estimating the efficiency of the power plant with PCC, discussed in [28] . 19
where AUX E is the specific energy requirement for pumps and blower. The power requirement in 21 circulation pumps was found to vary in a negligible range and was therefore considered constant unless 22 otherwise stated. The blower power requirement was calculated considering an efficiency of 75% and a 23 compression ratio of 1.05. The inlet temperature of the blower was considered constant, even during part-24 load conditions. The specific CO 2 compressor power required ( CMP E ) was considered to be 0.33 MJ/kg 25 CO 2 , as found in [12] . A constant lower heating value (LHV) of 9 MJ/kg of fuel was used [28] . It was 26 assumed that the steam from the power plant was extracted at 3.5 bar and 150 0 C during both full-load and 27 part-load operations. Therefore, the ratio of incremental power reduction to incremental heat output ( ) 1 was obtained from [28] as 0.24. During the operation of the power plant with PCC, under part-load 2 conditions,  was considered as constant. f is the %-capture rate and C is the ratio between formed CO 2 3 and fuel. 4
Power plant and PCC plant configurations 5

Power plant specifications and flue gas conditions during part load 6
The natural gas based power plant considered in this study, as shown in Figure 2 , has a rated capacity and 7 efficiency of 592 MW and 56% on a LHV basis. The plant is a combined cycle, having 1×1 configuration 8 with air-cooled gas turbine. GT-PRO ® was used to identify the required process conditions for designing 9 the PCC plant for it. Table 1 , below, presents the flue gas conditions obtained for different ambient 10 temperatures (0 0 C, 15 0 C and 30 0 C) and generated power at full load at those ambient temperatures with 11 steam extraction at the conditions previously mentioned. 12
The power plant was analyzed during part-load conditions, down to 50% load condition, in GT-13
MASTER
® to identify the variation in flue gas flow rate and its CO 2 content. The results of the analyses 14 are presented in Figure 3 . These results were used as input to the PCC processes, while analyzing them for 15 their operability under power plant load variations. It may be observed that the flue gas flow rate varies 16 linearly with changes in the power plant load. With a 50% reduction in the power plant load, the flue gas 17 flow rate decreases by 34-40% from the value at full-load condition. Also, with subsequent increases in 18 ambient temperature, the power plant's capacity reduces drastically, along with the flue gas flow rate. 19
In addition, the CO 2 mole-fraction was also found to reduce with the decreasing power plant load. A 10% 20 reduction in the mole-fraction of CO 2 in the flue gas can be observed at 50% load in the power plant. This 21 was envisaged as having a significant impact on the liquid to gas ratio and the reboiler duty of the PCC 22 plant. Therefore, while analyzing the operability of the designed plants, this reduction in CO 2 mole-23 fraction was considered, together with a variation in ambient conditions. 24
Two more important parameters, flue gas pressure and temperature, are also significant in the design of 25 PCC plants. However, varying the coolant flow rate at the direct contact cooler, it is possible to maintain 26 the inlet temperature to the absorbers without greatly affecting the overall power generation efficiency. 27
The flue gas pressure has an impact on work requirement at the blower and thereby contributes to the 28 efficiency penalty of the integrated power plant. This pressure is the sum of exhaust pressure loss in the 29 GT and the ambient pressure. As a constant ambient pressure was considered in this paper, the change in 30 exhaust pressure loss in the GT and stack temperature were determined in order to identify their range of 31 variation, as shown in Figure 4 . A reduction in exhaust pressure loss to around 15 millibar can be 1 observed from the figure for a 50% change in load condition. The stack temperature also reduces by 12 0 C 2 at similar load conditions. This can significantly change the cooling duty in the direct contact cooler. 3
While analyzing the PCC plant during part-load operation, these variations were considered in 4 determining the efficiency penalty due to the inclusion of the PCC plant. It is noteworthy that the gas 5 turbine exhibits a comparatively fast response to changes in fuel and air flow rate; therefore, the variation 6 in flue gas flow rate and composition follows the trends found in off-design simulation with a certain ramp 7 rate, which is similar to dynamic simulation except with small dead time. This dead time is in the range of 8 a few minutes and was ignored in the current work. 9
Identification of process conditions and control structure for PCC plant 10
Typical PCC cycle configurations comprise of amine based absorbers and regenerator. Figure 5 etc., suitable economic considerations will determine the rate of capture required for a particular period of 23 operation of the plants. Therefore, to determine the required rate of CO 2 capture, when designing the PCC 24 plant, there is a need for suitable techno-economic studies with a consideration of future emission 25 regulations. As this is beyond the scope of this paper, a constant capture rate of 90% was considered to be 26 the requirement for the PCC plants. It was also envisaged at this point that changing the rate of capture 27 might change the process conditions selected, based on this assumption of the capture rate. 28
The rest of the parameters are dependent on the capture rate as well as correlated to each other in such a 29 way that changing one may: 1. increase the required specific reboiler duty in the regenerator, thereby 30 leading to a higher energy penalty in the overall plant; 2. increase the size of all the equipment in the 31 plant, leading to increased capital cost. Adding to these, as power plants may work under flexible load 32 conditions, operation under variable flue gas and CO 2 content may lead to deviation from the optimum 1 conditions of some process parameters such as: 2 1. operating pressure of the absorber; 3 2. overall heat transfer coefficient in the rich/lean heat exchanger; 4 3. reboiler temperature, leading to further variation in the energy penalty. 5
Therefore, when deciding on these parameters, they should also be least sensitive on and around the 6 selected values. 7
According to an early study by Abu-Zahra et al. [29] , the optimum lean loading has been found to be 0.3 8 using 40 wt.-% MEA solution. In a recent study by Alhajaj et al. [30] , this value has also been reported to 9 be optimum at 0.31 with 30.4 wt.-% MEA. In another study, with 30 wt.-% MEA, the minimum reboiler 10 duty has been found to be at lean loading of 0.25 for flue gas with 3% CO 2 mole-fraction for 85% capture 11 rate [31] . In most of the recent studies, this value has been considered as 0.2 to 0.23 with 30 wt.-% MEA 12
[12, [32] [33] [34] . 13
As the use of higher than 30 wt.-% MEA entails the disadvantage of corrosion, the use of lower than 30 14 wt.-% MEA has been recommended [35] . Therefore, in this work, 30 wt.-% MEA was used as solvent. 15
Rich loading has been found to be optimum below 0.5 [36] . It was found that, with lean loading of 0.22, 16 the minimum reboiler duty was 3.77 MJ/kg CO 2 , which was 8% higher than the minimum possible 17 reboiler duty of 3.5 MJ/kg CO 2 with 30 wt.-% MEA and rich loading also found to be 0.47, which was 18 within the limit [29] . Therefore, 0.22 was used as lean loading. Optimal lean loading may vary for 19 different designs and configurations as well as for different power plant loads. However, in order to 20 maintain uniform conditions for all the plants, constant lean loading for all the cycle configurations during 21 all the power plant load conditions was used. 22
Upon deciding the lean amine condition, the liquid to gas ratio was calculated using the scale-up equation 23
given by [37] and manipulated for 90% CO 2 capture rate. The mass-basis liquid to gas ratio was found to 24 be 1.08, and in molar-basis it was 1.28. 25
Another important process parameter in optimizing plant conditions is regenerator operating pressure. 26
Using a single regenerator and one pressure configuration, the optimum operating pressure has been found 27 to be 2.1 bar [12, 38] . The absorber was considered to be working near ambient condition plus required 28 pressure drop in packing. The lean/rich heat exchanger optimum minimum approach has been found to be 29 5 0 C, and this was used in our study. 30
The process conditions adopted for this study are shown in Table 2 . 1 The control structure for the adopted process was obtained from the literature. Reboiler pressure and 2 temperature, and condenser pressure and temperature, were required to control for maintaining the 3 operating pressure of the regenerator, the CO 2 mole fraction in the recovered stream to compression and 4 the lean loading at the outlet from the regenerator. The reboiler and condenser liquid level was controlled 5 to maintain the operating pressure in the regenerator. Also, the make-up water required controlling to 6 maintain lean loading at the inlet of the absorber. Therefore, these parameters were controlled using linear 7
PI-controllers. 8
In order to maintain the desired CO 2 capture rate in the absorber, the flow rate of lean amine was 9 controlled. Other parameters, such as liquid and gas flow distribution at the absorber, were also controlled 10 using PI-controllers. Although a few other controllers were also used for the stable operation of the plant, 11 such as controlling the temperature at the outlet of the cooler, the rich amine flow to the regenerator etc., 12 they are not shown in Figure 5 . Table 3 lists the controllers and the controlled, manipulated and measured 13 variables. Control structures for modified plants are discussed in the corresponding sections. 14 This configuration was used as the base case for the current study, and equipment was designed for both 15 off-design and dynamic simulations, following the method discussed in a later section. The specifications 16 of the equipment are presented in the corresponding sections. 17
Selection of modified PCC cycle configuration 18
A number of modifications in PCC plant configuration have been proposed in the literature, such as lean 19 vapor compression, multi-pressure regenerator, heat integrated stripping column, split flow process, 20 overhead condenser heat integration etc.; see [13, 39] . In a study on the techno economic evaluation of 21 various PCC plant modifications in [39] , it has been reported that, with a natural gas based power plant, 22 the highest mitigation of energy penalty could be obtained using PCC configurations with split flow with 23 overhead condenser heat integration (OHC) as low as 5.28% with futuristic solvents. Also, the efficiency 24 penalties using improved split flow process (SF) (5.46%) and vapor recompression (5.86%), while using 25 futuristic solvents, have been found to be similar to what could be achieved using OHC. It is to be noted 26 that, with MEA, these efficiency penalty values would be higher due to the high energy requirement in the 27 regeneration of the solvent, as compared to the futuristic solvents mentioned in [39] . In another 28 comparative study on different improved stripper configurations [40] , it has been shown that the 29 performance of a modified cycle with OHC and warm rich bypass provides the lowest energy penalty. 30
However, this is a combination of two configurations, namely OHC and bypassing part of the rich amine 31 stream from additional lean/rich heat exchanger. It has also been shown that a temperature approach of 32 0 C for those configurations, individually, does not provide sufficient reduction in the required reboiler 1 duty [40] . However, when considered individually, the two processes of OHC and SF are simpler 2 compared to other options with only static equipment providing sufficient thermal mass that may provide 3 sufficient damping of unwanted disturbances. It is to be noted that a better reduction in the efficiency 4 penalty can be obtained using a combination of some of the above-mentioned configurations, as also 5 shown in [40] . However, this is beyond the scope of this paper. Therefore, for designing the PCC plant, 6 these two configurations, namely OHC and SF, were chosen as examples, and individual flow sheets were 7 developed for this study. 8
The improved split stream configuration was adapted from [41] upon performing a parametric study on 9 deciding the split ratio for the process conditions at full-load power plant condition selected in this work. 10
In order to keep uniformity among all the configurations considered in the paper, the minimum 11 approaches at the lean/rich heat exchangers were considered to be 5 0 C. However, reduced minimum 12 approaches in both the modified configurations may lead to lower efficiency penalties than those achieved 13 in this paper. This issue will be addressed in future publications. may not be optimal during part-load conditions; however, a study to identify the optimal fraction was not 20 performed, as it was beyond the scope of this study. 21
The simplified process configuration for incorporating OHC in the PCC plant is shown in Figure 9 as 22 adopted from [39] . The modified cycle configuration with OHC requires a high liquid to gas ratio for the 23 natural gas plant. The value that has been reported in [39] is 4.6 (mass basis). However, for this study the 24 liquid to gas ratio was selected to be optimum at 1.075. Therefore, a parametric study was performed to 25 obtain the flow fraction to OHC and the corresponding reduction of reboiler duty; refer to 
Designing PCC plant 30
Design methodology of PCC plants 31
Designing PCC mostly focused on rating the columns. The exchangers in the cycle are generally based on 1 plate and fin heat exchangers, and tools for rating this equipment are available and well established. These 2 exchangers were designed using one such tool available with the current process simulator. It is to be 3 noted that, in order to calculate the overall heat transfer coefficient and the overall heat transfer area, 4 flashing at the rich amine stream was considered. However, constraining the exchangers with similar 5 pressure drops at both the streams led to minor modifications in the overall heat transfer coefficients, and 6 they were allowed to be recalculated as a function of mass flow rates of the streams in the exchangers. 7
There are a few different approaches for designing absorbers for PCC processes, such as the empirical 8 design method, the theoretical design method, the laboratory method and the pilot plant technique [42] . 9
All of these methods are used for determining the absorber height after calculating its diameter. The steps 10 involved in these methods are discussed in [42] . The empirical design method, laboratory method and 11 pilot plant technique require either experimental data or experimental set-up for accurate enhancement 12 factors. It is always difficult to obtain such data for either a full-scale plant or a pilot plant, due to 13 unavailability. Therefore, the theoretical method is the only choice when such data are not available. 14 The theoretical method requires numerical methods to solve the rigorous calculations for overall material 15 balances, liquid and gas side mass transfer, interfacial equilibrium and heat balances in both liquid and 16 gas. Process simulators can be used as an alternative to modeling the absorbers for solving all those 17 equations. Therefore, for the calculation of column height, process simulators those provide rate-based 18 column models and reaction kinetics can be used. 19
The methodology, including the calculations for column diameter and the use of simulation for 20 determining the column height, is presented in Figure 10 . Upon deciding on the overall process 21 conditions, the required number of absorbers was decided based on their calculated diameter being within 22 the state-of-the-art range. In the calculation of the absorber diameter (D), the property data for each inlet 23 and outlet stream were generated using the process simulator. Parameters for packing materials, such as 24 void fraction (f), packing factor, etc., were obtained either from the simulator or from the data sheet 25 provided by the manufacturers. The superficial gas velocity was determined by applying the property data 26 for fluid and packing material in Equations (3), (4) and (5). Here G and G' are the gas mass velocity and 27 corresponding gas mass velocity per unit area. Gas density is represented by r, and A is the required area 28 of the absorber. 29
Upon confirming the limiting value of the superficial gas velocity (v g ), the following correlation was used 2 to determine the diameter of the column. 3
Finally, the absorber height was determined using the process simulator, where rate-based column models 5 were used for the required capture ratio. The method was repeated until the pressure drop per meter of the 6 absorber was found to be within the desired range. 7
In this iterative design methodology, a few design constraints for columns in PCC processes were 8 imposed, as found in the literature [34, [43] [44] [45] . They are as follows. 9
1. The superficial gas velocity should be lower than 2.5 m/s for natural gas based power plants and 10 lower than 2 m/s for coal power plants [43] . 11
2. The column diameter should be lower than 18.2 m, as it was found to be the highest column 12 diameter constructed for the SO 2 stripper used in the power plant [46] . The regenerator was also designed in a similar way to that of the absorber. As vapor flow rate in the 15 regenerator was far lower than in the absorber, the deciding factor was the rich amine flow rate. 16
Identification of designed flue gas condition 17
Influence of flue gas flow rate on absorber diameter 18
Considering the flue gas condition from the power plant operating at full load with an ambient 19 temperature of 15 0 C, the design methodology was applied to determine the absorber and regenerator 20 dimensions. Both items of equipment were designed at 75% of flooding velocities for gas. 21
While calculating the absorber diameter for a single absorber, it was found to be higher than the state-of-22 the-art value of 18.2 m. Therefore, the number of absorbers needed to be more than a single train. It was 23 found that, with two trains of absorber, the required diameter was approximately 15.8 m with equal 24 distribution of mass flow rate of both flue gas and lean amine streams; see Figure 11 . With the increased 25 number of absorbers, the required diameter reduced significantly; however, in order to reduce the 26 complexity of the plant and the possibility of flow maldistribution in the process, a two-absorber 27 configuration was selected for this study. Further, the heights of both absorbers were determined using the 28 process simulator so that the pressure drop per meter of absorber remained below 4.1 millibar. 29
As was discussed earlier, the power plants may have to work under flexible operating conditions including 1 operating under periodic part-load conditions; the flue gas flow rate will also vary periodically. 2 Therefore, it raises a design question as to what the designed flue gas condition should be: whether the 3 full-load condition will be optimum or the plant can be designed at lower load conditions. In order to 4 answer this question, a parametric study was performed to determine the benefits of designing the plants at 5 lower flue gas flow rate. It was found that the absorber diameter reduced with the reduction of designed 6 flue gas flow rate expressed in terms of power plant load; see Figure 12 . 7
Designing the absorbers at a flue gas flow rate corresponding to 92% power plant load was found to 8 reduce the diameters from 15.8 m to 15.3 m; that led to a reduction of 4% in purchase cost of those 9 absorbers, as can be seen in Figure 13 , considering equal flue gas flow rate distribution among the 10 absorbers. However, as high as 12% reduction in purchase cost can be achieved when the absorbers are 11 designed at as low as 75% power plant-load condition. This is the limit for reducing the flue gas flow rate, 12 as, below this, operation at full-load condition is not possible with a limit of 80% flooding. 13
Again, a parametric study was performed in order to discover the optimum flow distribution among the 14 absorbers. It was found that, with uneven distribution of flow among the absorbers, the purchase cost 15 increased, compared to equal distribution. This can be calculated using data from Figure 14 and Equation 16
(1). Therefore, only equal distribution of the flow rate in the absorbers was considered in this study. 17
The time-average value of the adopted assumed power plant load (Figure 1) is 92%, at which it was found 18 that, at most, a 4% reduction in the purchase cost of the absorbers could be achieved with equal flow 19 distribution among the absorbers. Therefore, the base case was analyzed for its performance under off-20 design condition to decide on the designed value of the flue gas flow rate with absorbers rated at: 1. full 21 load condition with equal flow distribution, 2. time-average of assumed load of power plant with equal 22 flow distribution. Two cases with two different absorber sizes were analyzed: 23 1. Case 1: Base case without any process modifications; absorber designed at full-load condition 24 2. Case 2: Base case without any process modifications; absorber designed at 92% load condition 25
Trade-off between performance and purchase cost: Off-design analysis 26
Both cases were analyzed for three different off-design conditions: 1. part-load with constant liquid to gas 27 ratio, 2. variable capture rate, and 3. change in flow distribution. The results are presented in Figures 15-28 17. The increased capture rate for Case 2 compared to Case 1, while operating under part-load condition, 29 can be observed from Figure 15 (a). This is due to the increased liquid to gas ratio that was used in Case 2 30
for matching the capture ratio during full-load condition. However, this increased the efficiency penalty in 31 the process, as can be observed in Figure 15(b) , by increasing the reboiler duty requirement. It can also be 1 observed that the lower is the power plant load, the higher is the increase in the efficiency penalty in Case 2 2 compared to Case 1. Maintaining a constant capture ratio during part load will reduce the liquid to gas 3 ratio and thereby will also cut this increase in efficiency penalty. Therefore, it can be inferred that, when 4 power plants with PCC operate under part-load condition, maintaining a constant capture ratio can keep 5 the efficiency penalty at a similar level; however, maintaining a constant liquid to gas ratio can lead to an 6 increased efficiency penalty, although with a higher capture rate. In the scenario of increased demand of 7 CO 2 capture rate, both the plants were found to have a similar trend of variation in the efficiency penalty 8 with changes in the capture rate; see Figure 16 . However, Case 2 has a higher efficiency penalty than Case 9
1. Also, when the flow distribution was varied, it was found in Case 2 that, with less than 1% change in 10 flue gas flow rate, one of the absorbers reached its flooding condition (80% of maximum gas superficial 11 velocity); see Figure 17 . However, for Case 1, this condition was not found to be reached until 4-5% 12 variation in flue gas flow rate. This calls for the absorbers to be designed for lower %-flooding conditions; 13 however, this will increase the required absorber diameter and thereby diminish the benefit of purchase 14 cost as found for using Case 2. Therefore, it may be inferred that, when operating under variable capture 15 rates, the PCC plant designed at lower flue gas condition will lead to a higher efficiency penalty with a 16 very low operating flue gas flow rate range. This led to the decision to discard the plant based on Case 2 17 that was designed on time-average power plant load condition. Two modified PCC configurations with 18 two absorbers designed at full-load condition with ambient temperature of 15 0 C were then subjected to 19 dynamic simulation with the capture ratio controlled. The equipment specifications are presented in Table  20 4. 21
Dynamic simulation of the PCC plant for investigation for operability 22
Three PCC cycles were subjected to dynamic simulation to investigate their operability under flexible 23 power plant operation. It was assumed that the power plant load varies according to the characteristics 24 presented in Figure 1 . It was also assumed that the change in power plant load instantaneously changed 25 the flue gas flow rate. Therefore, corresponding changes in flue gas flow rate were determined using 26 Figure 3 and applied at the boundary stream in all cycles. Two operational scenarios can be applied for the 27 PCC plants to follow, while operating under such flue gas flow rate variations: 1. Constant lean amine 28 flow rate and 2. Controlling capture rate at some desired condition by manipulating the flow rate of the 29 lean amine. In the first scenario, it is expected that, during low flue gas flow rate, a higher capture rate can 30 be obtained than in the steady state design condition. Also, it can help to limit the disturbances due to the 31 variation of liquid in the absorber sump to propagate to the regenerator and from there upstream in the 32 power plant via the reboiler. However, the requirement of steam extraction will remain almost the same as 33 in the high flue gas condition, and this will lead to an increase in the efficiency penalty, as the reboiler 1 duty per kg CO 2 will be higher than desired. In the second scenario, the net capture rate can be kept 2 constant and the specific reboiler duty can be reduced, thereby limiting a further increase in the efficiency 3 penalty. Therefore, the second scenario was considered in this study, and all the plants were controlled to 4 provide a constant capture rate of 90%. Therefore, PID controllers were used after tuning them using the 5 simulator. It is to be noted that the discharge pressures of the rich pump in both the modified cycles were 6 controlled in order to maintain the flow rate distribution between two paths, i.e. one to the rich/lean heat 7 exchanger and the other direct to the regenerator or to the overhead condenser. Based on the results 8 obtained from the dynamic simulation and scaled fan, pump and compressor work, the efficiency penalties 9 were calculated using Equation (2) and used for trade-off. 10
Operation under flexible power plant conditions 11
The results of the dynamic simulation of all the cycles are presented in Figure 18 . It can be observed that 12 almost all of them showed a stable operational scenario during variation in the flue gas flow rate with 13 regular characteristics, as in Figure 1 . In all the cycles, an average capture rate of 90% was maintained 14 during the simulation. However, large overshoots of more than 0.5% during both ramp-up and ramp-down 15 operations were observed for the cycle with split flow configuration. Although the part of the absorber 16 was kept similar for all the configurations, the large overshoot was not expected there. In order to 17 understand the reason behind it, the variations in rich and lean loading were studied and it was found that 18 delayed variation of lean loading in the cycle led to a high capture rate during ramp-down and vice-versa 19 for ramp-down operation. In the cycle with split flow configuration, the settling time for new steady state 20 lean loading was found to be much higher compared to the other two configurations. Therefore, a higher 21 capture rate was obtained for this configuration. Moreover, the following were also observed: 22 1. As expected, the base case is the most stable and has a lower settling time compared to the other 23 two configurations. 24 2. After the ramp-down was over, reboiler duties in all the cycles were found to be increased with a 25 step change. values of specific reboiler duties for both the modified cycles were predicted at most 7% higher 33 than those estimated using steady state rate-based models using HYSYS. However, the cycle with 1 OHC was found to have least reboiler duty as estimated in steady state. 2 6. Similar temperature profiles for all the absorbers were obtained from the simulation. However, 3 regenerators were found to have different temperature profiles for different cycles. 4
Large and continuous oscillation after ramp-up in the cycle with split flow configuration was due to the 5 variation in the inlet pressure of the rich pump. It can be observed in Figure 19 that the inlet pressure at 6 the pump varies continuously due to control action to maintain the pressure at the absorber sump. 7
The controller was tuned during steady state operational conditions. However, reconfiguration was 8 required to avoid such oscillation in the control action. It is important to mention here that a large 9 overshoot in the capture rate was found to induce large oscillations in the downstream operation and led to 10 unstable operation of the plant for both the modified configurations. However, it may be observed that the 11 cycle with OHC eventually dumped such oscillations and led the plant operate at steady state. Such 12 runaway operations in split flow configuration may be eliminated by reconfiguring the controllers used for 13 maintaining the pressure at the absorber sumps. This requires further analysis to identify the proper 14 control structure of such plants. 15
In addition, the discontinuities observed in the variation of reboiler duty for most of the cycles were found 16 to be due to the sudden and unexpected change in some parameters in the cycle and are purely numerical. 17
Moreover, the differences in rich and lean loading for all the configurations were found to have similar 18 trends to those of the base case; see Figure 20 . However, rich loading for the base case was found to 19 decrease more compared to that of the two other configurations. This may be due to the variation in the 20 performance of the absorber sump. As it was found that, in the base case, the reduction in absorber sump 21 pressure was higher than in the other two configurations, that reduced the rich liquid hold-up in the base 22 case and thereby also reduced the rich loading by a greater amount than in the other two configurations. 23
However, this small reduction in rich loading did not greatly affect the reboiler duty; however, for the base 24 case, one can observe that the value of the reboiler duty is a little higher than that of the others. 25
Based on the above discussion, the following may be inferred. 26
1. The base case exhibits the most stable operation during flexible operation of the power plant. 27 2. The lowest specific reboiler duty during part-load operation may be obtained when using the split 28 flow configuration. 3. An increase in the rate of change of the flue gas may induce unwanted oscillation in the operation 30 of the PCC plants. This is more evident in the split flow configuration. 31 4. The cycle with OHC exhibits the ability to dump the unwanted oscillations that occur due to 1 variation in absorber sump pressure, as it uses static equipment (heat exchangers). Therefore, it 2 may return the reboiler to a stable operating condition without hampering the overall plant. 3 5. The overall control structure needs further analysis to utilize the available extra degrees of 4 freedom in order to eliminate the effect of control action leading to unwanted oscillations in the 5 operation of the reboiler. 6
Trade-off between operability and efficiency penalty of PCC plant 7
It was observed that the reboiler duty for both the modified cycles deviated from the values obtained from 8 steady state simulation using rate-based models in HYSYS. This is due to numerical errors generated due 9 to the use of equilibrium-based column models in dynamic simulation employing UniSim. It was found 10 that a maximum deviation in the calculation of such values was 7% for the case of the cycle with OHC. 11
Therefore, in order to calculate the average efficiency penalties for all the cycles during flexible operation 12 of the power plant, the reboiler duties were scaled based on their values obtained utilizing steady state and 13 steady state off-design condition simulations using equilibrium-based models. However, accurate values 14 of those can easily be obtained by using more accurate steady state rate-based models, and the exact 15 values of efficiency penalties (less than that obtained here) can be obtained. Table 5 It can be noted that, during part-load operation and just after the end of ramp-down of flue gas flow rate, 18 the reboiler duty increased suddenly with a step change. This also led to an increase in the average 19 efficiency penalty in all the configurations. However, it was found that, although the cycle with OHC 20 provided the lowest efficiency penalty during full-load condition, the split flow configuration exhibited 21 the lowest average efficiency penalty of 6.98% during the entire operation of 24 hr. Meanwhile, the lowest 22 efficiency penalty of 6.82% can be observed in the cycle with OHC during its operation under full-load 23 condition, and that provides a 6% improvement in the performance of the PCC plant compared to that of 24 the base-case configuration. Therefore, based on the lowest average efficiency penalty, the split flow 25 configuration is the most suitable for implementation. 26
However, where the operation of that configuration is concerned, as previously discussed, the following 27 disadvantages exist. Therefore, the configuration with OHC can be the most suitable choice for using it as an alternative to be 31 used for PCC plant with the following advantages.
1. Lowest reboiler duty during full-load condition, which is the highest lasting operational scenario 1 during flexible operation of the power plant. 2 2. At least a 6% reduction in efficiency penalty may be obtained using this configuration as 3 compared to the base case. 4
3. It provides a high level of damping by using multiple heat exchangers to avoid the runaway 5 processes that may happen due to changes in inlet pressure of the rich pump or due to sharp 6 changes in capture rate and the corresponding variation in lean amine flow rate to the absorber. 7
However, issues such as designing a proper and optimal control structure by means of the extra degrees of 8 freedom provided by the modified cycles, the effect of flow maldistribution in the regenerator, the 9 comparison with other configurations in use of vapor compression, advance split stripper, etc. together 10 with OHC, need to be addressed further. 11
Conclusions 12
PCC processes using amine based solvents are considered to be near-term technology for use along with 13 power plants. The basic process is being used commercially in small-and medium-scale applications. 14 However, scaling up such processes cannot be done by just increasing the equipment size. With an 15 increase in the capacity of such processes, multiple design constraints are being imposed, as presented in 16 this paper. Therefore, it was necessary to evaluate a thorough method for selecting and designing a post-17 combustion CO 2 capture process for a 600 MW range natural gas based power plant. In this paper, one 18 such method was discussed and evaluated, using two alternative PCC plant configurations: with split flow 19 with overhead condenser, and improved split flow without overhead condenser, besides the base-case 20 cycle. Optimum process conditions were identified from the literature for some of the process state points, 21 and parametric studies in steady state at design and off-design conditions were performed to find the rest. 22
Along with the trade-off between capital cost and energy performance in designing equipment like the 23 absorber and regenerator, a methodology was adapted and applied to the present cases, introducing design 24 constraints for superficial gas velocities for the equipment (e.g. 2.5 m/s for natural gas based plants) and 25
feasible limit of diameter (18.2 m). 26
Futuristic PCC processes need to be operated along with power plants that may have to work flexibly. 27
This will change the operation of PCC plants from steady operating mode to periodic operation in order to 28 cope with the change in flue gas conditions. Therefore, those configurations were further analyzed in 29 dynamic simulation to investigate their operability while subjected to flexible power plant conditions. The 30 cycle with overhead condenser was found to be the optimum, compared to the two other configurations, in 31 terms of stability of operation, capability of damping unwanted disturbances and average efficiency 32 penalty of 7%-points during the operation of 24 hrs. In addition, the following operational limits were also 1 identified: 2 1. Designing the absorbers at lower flue gas conditions than the full load may lead to a reduction of 3 up to 12% in purchase cost of the equipment. However, operation under full-load flue gas flow 4 rate will increase the required reboiler duty and thereby increase the efficiency penalty. Also, in 5 some cases (designed flue gas flow rate < 10% of full-load flow rate) operation at the full-load 6 flue gas flow rate will lead to flooding conditions in the absorbers. 7
2. Flow maldistribution among multiple absorbers needs to be limited to 4-5% to avoid flooding 8 conditions during part-load operation. 9 3. Oscillations due to control action in the absorbers need to be mitigated before reaching the 10 regenerator to avoid unwanted periodic disturbances upstream in power plants. 11
These identified operational limits, therefore, need to be considered when designing PCC plants for large-12 scale power plants. 13
During analysis, the control structure used, however, was found to be insufficient for such integrated 14 cycles. Therefore, further studies need to be performed to identify a suitable and optimal control structure 15
for such plants that provide extra degrees of freedom. In addition, the following issues need to be 16 addressed. 
